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Thermozymes

Synthetic RNA thermometers based on ribozyme activity
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Synthetic biology approaches often combine natural building blocks to generate new cellular activities. Here, we make
use of two RNA elements to design a regulatory device with novel functionality. The system is based on a hammerhead
ribozyme (HHR) that cleaves itself to generate a liberated ribosome-binding site and, thus, permits expression of a
downstream gene. We connected a temperature-responsive RNA hairpin to the HHR and, thus, generated a temperature-
controlled ribozyme that we call thermozyme. Specifically, a Salmonella RNA thermometer (RNAT) known to modulate
small heat shock gene expression by temperature-controlled base-pairing and melting was fused to the ribozyme.
Following an in vivo screening approach, we isolated two functional thermozymes. In vivo expression studies and
in vitro structure probing experiments support a mechanism in which rising temperatures melt the thermometer
structure impairing the self-cleavage reaction of the ribozyme. Since RNA cleavage is necessary to liberate the RBS, these
engineered thermozymes shut off gene expression in response to a temperature increase and, thus, act in a reverse
manner as the natural RNAT. Our results clearly emphasize the highly modular nature and biotechnological potential of

ribozyme-based RNA thermometers.

Introduction

Gene expression is often regulated in response to variations of
environmental parameters such as changing nutrient availabil-
ity or altered physical conditions. Particularly in bacteria, reg-
ulatory RNAs are frequently involved in natural mechanisms
of conditional gene expression."* For example, riboswitches
are RNA-based regulatory elements that are positioned in the
5'-untranslated region (5'-UTR) of the transcript they regulate.’
They are composed of an aptamer domain displaying high affin-
ity and specificity for a cognate ligand. Usually, a second domain
termed expression platform is located downstream of the aptamer
domain. Upon ligand binding to the aptamer domain, a con-
formational change results in the formation of alternate folds in
the expression platform that either change transcription termina-
tion or translation initiation.®® Following early proof of concept
work,” the discovery of naturally occurring RNA-based switches
of gene expression has sparked a series of studies demonstrating
the construction of synthetic riboswitches.!”" The incorporation
of in vitro-selected aptamers into mRNAs resulted in genetic
switches in bacteria as well as eukaryotic organisms.'*'> More
specifically, we and others have designed artificial riboswitches
based on a ligand-dependent regulation of a self-cleaving ham-
merhead ribozyme.""'*1¢ Although ligand-dependent ribozymes
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have been developed even before the discovery of widespread
use of riboswitch mechanisms in nature,” such aptazymes have
been applied in vivo for gene-regulatory purposes only after the
discovery of catalytically well-behaved, fast-cleaving variants of
the hammerhead ribozyme comprising stem I/1I interactions.'®-2°
In our opinion, ribozyme-based devices have the advantage of
almost universal applicability for controlling RNA functions.
Apart from regulating mRNA translation in bacteria and mRNA
integrity in mammalian cells,”*? they can be utilized in order to
control the activity of tRNAs,? 16S rRNA,* as well as RNAi in
mammalia.”! In addition, they can be combined in a modular
fashion in order to yield two-input Boolean logic operators.”

In addition to small molecule-responsive RNA sensors,
gene expression can be controlled by temperature-sensitive
RNA structures, so-called RNA thermometers (RNATs).2¢ All
known RNATs modulate translation efficiency by temperature-
responsive RNA structures. Most of them function in a zipper-
like manner by sequestering the Shine-Dalgarno (SD, part of
the ribosome-binding site) sequence at low temperatures, hence
inhibiting translation initiation.”” At elevated temperatures,
the secondary structure unfolds and liberates the SD sequence
allowing translation of the downstream gene (Fig. 1A). Typical
RNAT-controlled genes are either heat shock genes?!
lence genes.?»® FourU-type RNAT control both classes of
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Figure 1. Design and mechanism of artificial HHR-based RNA thermometers. (A) General
mechanism of naturally occurring RNA thermometers. A hairpin structure (blue) masks the Shine-
Dalgarno sequence (SD; red) at low temperatures. Upon increased temperatures, melting of the
secondary structure liberates the SD and translation is turned ON. 30S, small ribosomal subunit.
(B) General design of a HHR-based RNA thermometer (Thermozyme). A temperature-sensing
hairpin (blue) is fused via a communication module (green) to a hammerhead ribozyme with an
extended stem | masking the SD (red). At low temperatures, the secondary structure permits the
self-cleaving reaction of the ribozyme, liberating its SD and allowing translation of a downstream
gene. A temperature increase results in melting of the thermosensing hairpin, thereby prevent-
ing self-cleavage and translation is shut OFF. Stems are indicated with roman numbers; the ribo-
zyme cleavage site is marked by a red arrowhead. (C) Detailed thermozyme sequence. Stem Ill of
the Schistosoma mansonii hammerhead ribozyme is exchanged against the temperature-sensing
second hairpin of the Salmonella agsA thermometer (fourU hairpin). Red, SD of the downstream
open reading frame; blue, temperature-sensing fourU hairpin; green, randomized nucleotides of
the communication module; boxed nucleotides, ribozyme-inactivating point mutation (A—>G).

Results

Construction of Thermozymes. In order
to construct a synthetic HHR-based
RNAT, we attached the thermosensitive
fourU hairpin to the ribozyme in place
of stem III of a parental HHR derived
from Schistosoma mansoni (SC-HHR),
see Figure 2A. The position was chosen
in order to preserve stem I/II interac-
tions that facilitate fast cleavage kinetics
at physiological Mg?* concentrations in
naturally occurring HHRs.%¥2° To screen

genes.”>* They are characterized by four uridines that mask
the SD sequence at low temperatures. The best studied example
is located in the 5-UTR of the Salmonella enterica small heat
shock gene 2gsA.>* The second of two short hairpins, referred to
as fourU hairpin in the remainder of this article, pairs with the
SD sequence and regulates expression by heat-induced zipper-

like melting.>%¢

Based on the simple melting principle, artifi-
cial RNATs comprised of one or two stem-loop structures have
been designed.?”?® Entirely unrelated elements with RNAT-like
behavior are four-stranded G-rich sequences capable of forming
RNA quadruplex structures in Escherichia coli. Potential quadru-
plex sequences were positioned in a way that formation of the
quadruplex structure resulted in masking of the SD sequence.
Thermal destabilization of that structure resulted in increased
gene expression.”

All currently known natural and synthetic RNAT control
translation initiation. Therefore, we asked whether RNATSs con-
trolling other biological processes can be designed. Here, we
exploit the simplicity of the Salmonella fourU hairpin to design
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for sequences that respond to changing
temperatures with altered gene expres-
sion, we randomized six nucleotides (Fig. 1C, communication
module highlighted in green) located at the junction between
the ribozyme core and the fourU hairpin. A pool of different
clones was constructed by inserting the randomized ribozyme
sequences upstream of the eGFP gene for efficient in vivo
screening. Single clones were isolated and screened for tempera-
ture responsiveness. For this purpose, the bacteria were grown
at 20°C and 37°C followed by determination of gene expression
by fluorescence measurements. The strain harboring the eGFP
plasmid showed significant increase in gene expression at 37°C
compared with growth at 20°C and the parental HHR control
construct (SC-HHR) harboring the constitutively active vari-
ant of the ribozyme showed slightly increased eGFP expression
at 37°C (Fig. 2C). In the screening procedure, we identified
two clones with significantly higher eGFP expression at lower
temperatures as compared with 37°C (Fig. 2B). At 20°C, the
two constructs FI-HHR and B6-HHR exhibited a 3.5-fold
and 3-fold induction of gene expression compared with expres-
sion at 37°C (Fig. 2C). Normalized to the expression values of
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Figure 2. Characteristics of functional temperature-responsive ribozyme switches. (A) Sequence and secondary structure of the parental, constitu-
tively active construct SC-HHR containing a stable, short stem-loop in position lIl of the HHR. The boxed nucleotides in the catalytic core mark the
position of the inactivating point mutation (A—~>G). (B) Sequence of the fourU hairpin attached to stem Ill of the HHR, boxed square, randomized posi-
tions for the screening procedure. Inset shows screened sequences of communication modules of the two temperature-responsive clones F1-HHR and
B6-HHR. (C) In vivo expression levels of various HHR constructs controlling the eGFP gene in E. coli: white bars, 20°C; black bars, 37°C. inHHRs represent
catalytically inactive variants generated by the point mutation marked by boxed nucleotides in 2A.

the parental SC-HHR construct, the changes of gene expres-
sion amount to 5.2-fold and 4.5-fold for clones FI-HHR and
B6-HHR, respectively.

In order to validate that the observed regulation of gene
expression is based on the self-cleavage reaction of the ribozymes,
we introduced an inactivating A~>G point mutation (Fig. 1C)
in the catalytic core of the ribozyme, yielding the two inhib-
ited constructs F1-inHHR and B6-inHHR. As expected, gene
expression was impaired because translation initiation requires
ribozyme activity (Fig. 1B) and was not temperature-controlled
anymore (Fig. 2C). This finding indicates that ribozyme activity
is necessary for gene expression to occur.

www.landesbioscience.com
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In vitro characterization of Thermozymes. In order to char-
acterize whether gene regulation in vivo indeed occurs via the
anticipated mechanism of stem I1I destabilization upon increased
temperature and subsequent ribozyme inactivation, we deter-
mined the temperature-dependent in vitro cleavage kinetics of
the FI-HHR candidate compared with the constitutively active
control ribozyme SC-HHR. The ribozyme constructs were in
vitro transcribed using T7 RNA polymerase from a synthetic
DNA template spanning the 5'-end of the mRNA until the end
of the SD sequence, complementing stem I of the ribozyme. To
prevent autocatalytic cleavage of the HHRs during transcription,
we added a blocking strand at high concentrations that hybridizes
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determined for the SC-HHR and the F1-HHR at different temperatures.

Figure 3. Cleavage kinetics of in vitro-transcribed, purified hammerhead ribozyme variants. (A) Time course of ribozyme cleavage reactions. (SC-HHR
19°C open squares, SC-HHR 37°C open circle, SC-HHR 42°C open triangle, F1-HHR 19°C black square, F1-HHR 37°C black circle, F1-HHR 42°C black
triangle). Reactions were performed using 100 nM ribozyme and were initiated with 0.5 mM MgCl,. Samples were taken at 0, 5, 15, 30, 60, 120, 720,
1,800 sec, analyzed by denaturing PAGE and band intensities were quantified. Errors have been calculated from three independent experiments. (B)
PAGE-analysis of cleavage reactions. Parts of the gel corresponding to the full-length RNA and 5' cleavage product are shown. (C) k , _values (min™)

to the catalytic core of the HHR and was removed during sub-
sequent gel purification.”” Ribozyme reactions were started by
addition of MgCl, to a final concentration of 0.5 mM at 19°C,
37°C and 42°C. The constitutively active SC-HHR construct
containing a stable stem IIT shows very fast cleavage kinetics at
19°C and 37°C with only a slight decrease at 42°C (Fig. 3A and
B). After 5 sec, the majority of the full-length ribozyme RNA
was cleaved (Fig. 3B). For the SC-HHR variant cleavage rates
of 9.4-6.7 min™ were calculated (Fig. 3C). These values com-
pare well to kinetics of fast-cleaving variants at sub-millimolar
Mg?*-concentrations.'® In contrast to SC-HHR, cleavage of the
thermozyme F1-HHR was considerably slower at all tempera-
tures (Fig. 3C). More importantly, the cleavage rate significantly
decreased with increasing temperatures (more than 16-fold from
19°C to 42°C, see Fig. 3C). This temperature-dependent behav-
ior is in accordance with the observed gene regulation in vivo.
In order to demonstrate temperature-controlled melting
of stem III as basis for the thermozyme action, we performed
structure-probing experiments of in vitro-transcribed HHR con-
structs. To prevent self-cleavage of the ribozymes prior to and dur-
ing the probing procedure, we analyzed the variants SC-inHHR
and FI-inHHR inactivated by the A>G point mutation in the
catalytic core of the ribozyme. In general, probing with nucleases
S1, V1 and T1 resulted in a cleavage pattern consistent with the
predicted secondary structures of the HHRs (Fig. 4). RNase S1
is known to cleave single-stranded regions, whereas V1 is spe-
cific for double-stranded and stacked regions. T1 preferentially
cleaves 3' of single-stranded guanines. The SC-inHHR construct
containing a stable stem III structure shows basically the same
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cleavage pattern at both 25°C and 42°C (Fig. 4A). For exam-
ple, G residues in stem III did not become accessible to RNase
T1 at 42°C. In contrast, construct F1-inHHR shows signifi-
cant changes in RNase susceptibility at different temperatures
(Fig. 4B). At low temperatures the overall structure is compa-
rable to the stucture of SC-inHHR while at higher temperatures
cleavage of hairpin III resembled that of the original Salmonella
agsA thermometer.** More specifically, the thermosensing fourU
structure was protected from RNase S1 and T'1 cleavage at 25°C,
while nucleotides in this region were readily cleaved at 42°C.

Fine-mapping of Thermozyme structures. In order to further
characterize specific melting of the thermosensitive fourU hairpin,
we performed enzymatic cleavage in a temperature range from
20-45°C. The cleavage pattern for construct F1-inHHR shows that
the nucleotides of the thermosensing hairpin III are accessible for
RNase S1 cleavage at higher temperature indicating melting of the
hairpin (Fig. 5A and C). In addition to structural changes in the
RNAT module, the catalytic core and parts of stem II also showed
partial melting at elevated temperatures, consistent with inactiva-
tion of ribozyme catalysis. To address whether the second thermo-
zyme candidate B6-HHR behaves like FI-HHR, we compared the
temperature-dependent structural alterations of B6-inHHR with
Fl-inHHR. Both showed a similar melting profile regardless of the
different communication modules (Fig. 5B and C).

Discussion

Temperature-responsive HHRs were constructed by the fusion
of a temperature-labile hairpin originating from a natural RNA
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Figure 4. Structural analysis of the inactive hammerhead ribozyme SC-inHHR and the inactive thermozyme variant F1-inHHR. Enzymatic cleavage of 5'
end-labeled RNA was performed with nuclease S1 (0.25 U), RNase V1 [0.002 U (A) or 0.004 U (B)] and RNase T1 (0.005 U) at 25 and 42°C. RNA fragments
were separated on an 8% polyacrylamide gel. Lane C, RNA treated with water instead of RNase served as control; lane T, RNase T1 cleavage at 50°C;
lane L, alkaline ladder. (A) Structure probing of the inactive ribozyme SC-inHHR (left) and secondary structure model with probing results at 42°C
(right). Boxed nucleotide: position of the inactivating mutation of the HHR (A—>G). Cleavage sites introduced at 42°C by nuclease S1 and RNase V1 are
indicated by arrows. (B) Structure probing of the inactive thermozyme F1-inHHR (left) and secondary structure model with probing results (right).
Boxed nucleotide: position of the inactivating mutation of the HHR (A—>G). Cleavage sites introduced by RNase T1 and RNase V1 at 25°C are indicated
by arrows. Additionally, RNase T1 cleavage sites at 42°C are marked by arrows with asterisks.

thermometer to a self-cleaving hammerhead ribozyme. By screen-
ing for optimized sequences, two thermozymes were obtained
that act as inverted, artificial RNATSs when utilized as control ele-
ments for gene expression within a 5-UTR of an E. co/i mRNA.
So far, aptamers binding several ligands were combined with
HHRs functioning as expression platforms in order to control
mRNAs, tRNAs, 16S rRNA as well as RNAI in organisms as
diverse as bacteria and mammalian cells,'1>16:21:23-25:41

The present work shows that a physical stimulus such as a
change in temperature can also be used in order to regulate gene
expression via a hammerhead-mediated mRNA cleavage reac-
tion. Importantly, most natural RNAT and all previously engi-
neered RNAT are composed of secondary structures that mask
the SD sequence.’”?® At elevated temperatures, gene expression
is turned on by increased ribosome binding due to a more acces-
sible, single-stranded SD region. In contrast, melting of the same
thermo-sensitive structure in our artificial HHR design results in
slowing down ribozyme cleavage rates, which, in turn, results in

www.landesbioscience.com
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inhibition of gene expression since the HHR itself masks the SD
region in the non-cleaved state. In conclusion, our design allows
the construction of artificial RNA thermosensors with inversed
temperature behaviors.

Modular RNA-based building blocks might be useful for
future applications within the field of synthetic biology since
they represent gene regulatory elements that do not require
protein cofactors. Even simpler, there is also no need for exter-
nally added ligands in order to control gene expression. In addi-
tion to the potential applications of such artificial gene control
devices in synthetic biology and biotechnology, the presented
work demonstrates that a temperature-sensitive fourU hairpin
adopted from the Salmonella agsA gene can be used as a modular
component in combination with other functional RNA units.
Although some other parts such as the catalytic core and stem
IT of the ribozyme are destabilized as well, the fourU structure
melts rather specifically at increased temperatures and, thus,
provides a basis for rendering the HHR temperature-responsive.
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Pet16b_RBS_hp2_Rv: TGATTCAGGAGGTTAATN
NNTCCTGGATTCCACGAAGGAGATATACC

N represents an unbiased random position generated during
solid phase DNA synthesis using a 1:1:1:1 mixture of nucleo-
side phosphoramidites. Following the PCR, the template plas-
mid was digested with Dpnl. The PCR products were ligated
(Quick Ligase, NEB) and afterwards transformed into E. coli
BL21(DE3) gold (Stratagene). Single colonies were picked and
grown in LB-Medium supplemented with 100 pgml™ carbene-
cilline (Roth). To confirm successful cloning, the cloned plas-
mids were isolated (Miniprep Kit, Qiagen) and sequenced.

In vivo screening for functional Thermozymes. For identi-
fying temperature-responsive HHR constructs, single clones of
the transformed thermosensor-HHR pool were picked into 96
deep well plates. The expression of eGFP of out-grown cultures
at room temperature and at 37°C was compared. In detail E. coli
cells [BL21 (DE3), Stratagene] harboring the various plasmids
were grown in Luria-Bertani (LB) medium with carbenicillin
(100 pgml™") at 37°C under continuous shaking (1,050 r.p.m.).
After 24 h, bacteria were diluted in fresh medium in a 96 deep
well format and grown at room temperature under continuous
shaking (1,050 r.p.m) for 2 d. After the first 24 h, 1 .l of the cell
culture at room temperature was used to inoculate fresh medium
in a 96 deep well format and grown at 37°C under continuous
shaking (1,050 r.p.m) for 24 h, hence obtaining two cell cultures
(one at room temperature and one at 37°C) after further 24 h.
Two hundred pL of each culture were transferred into 96-well

microplates and the fluorescence of the expressed eGFP was

measured with a plate reader, using excitation wavelength of

Figure 5. Temperature-dependent alterations of the inactive thermozymes
F1-inHHR and B6-inHHR. Enzymatic cleavage of 5' end-labeled RNAs with
RNase S1 (0.25 U) was performed in a temperature range from 20-45°C in
intervals of 5°C. RNA fragments were separated on an 8% polyacrylamide
gel. Lane C, RNA treated with water instead of RNase at the indicated
temperatures served as control; lane T, RNase T1 cleavage at 50°C; lane

L, alkaline ladder. (A) Fine-mapping of the inactive thermozyme variant
F1-inHHR. (B) Fine-mapping of the inactive thermozyme variant B6-inHHR.
Detail of the gel corresponding to hairpin Ill (fourU hairpin) of the thermo-
zyme is shown. (C) Structure model of the thermosensing hairpins Il of
both thermozyme variants with results of the enzymatic probing. Cleavage
sites introduced by RNase S1 at 20 and 40°C are indicated by arrows. The
communication modules are marked by boxes.

488 nm and emission wavelength of 533 nm. The measured
fluorescence was normalized to the cell optical density, mea-
sured at 600 nm.

Ribozyme kinetics. For in vitro transcription of ribozymes,
a T7 RNA polymerase promoter was attached to the 5'-end of
the ribozyme sequences. Synthetic DNA templates of SC-HHR
and FI-HHR were PCR amplified using primers and templates
shown in Table 1. The PCR products were purified by ethanol
precipitation and subsequently in vitro transcribed using T7
RNA polymerase (Fermentas) in Transcription Buffer (40 mM
TRIS-HCl pH 79, 6 mM MgClL, 10 mM DT'T, 10 mM NaCl,

The possibility to confer temperature regulation to a ribozyme
both in vivo and in vitro by fusion with a natural RNAT hair-
pin emphasizes the remarkable modular nature of functional
RNA motifs.

Materials and Methods

Plasmid construction. All constructs were introduced into a
plasmid harboring the parental HHR derived from Schistosoma
mansoni (SC-HHR) (HHR_pET16b_eGFP)” by PCR using
Phusion DNA Polymerase (Finzyme) and sequence-specific
primers with the designed construct sequences attached to the 5'
end of the primers. The following primers were used:

Pet16b_RBS_hp2_Fw: CTATTCAAAAGTTCACAN
NNTTTCGTCCTATTTGGGACTCATCAGC
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2 mM spermidine, 0.5 mM ATP, 2 mM CTP, 2 mM GTP and

2 mM UTP) and 1 pCi *P-a-ATP. One hundred M block-
ing strand (ATT TGG GAC TCA TCA GCT GG) was added to
the reaction mixture to prevent autocatalytic cleavage of the ribo-
zymes during transcription. In vitro transcription was performed
at 37°C for 2 h and subsequently purified by ethanol precipitation.
The pellet was solved in 80 pwL 0.5x stop buffer [40% (v/v) for-
mamide, 25 mM EDTA pH 8.0, 0.012% (w/v) bromphenolblue].
The RNA was purified on an 8% denaturing PAGE. Full-length
products were excised and passively eluted from the gel. RNA con-
centrations were determined photometrically.

For the determination of ribozyme activities, 100 nM of ribo-
zyme in 50 mM TRIS-HCI pH 7.5, 100 mM KCI were heated
to 94°C for 2 min and then slowly cooled to 19°C to fold the
ribozyme. The mixtures were then incubated at 19°C, 37°C or
42°C and the cleavage reaction was started by addition of Mg?* to
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Table 1. Primers, templates and 5'-UTR sequences of ribozymes and thermozymes utilized in this study

Name
fw-Primer
rev-Primer
Template:

SC-HHR

Template:

Sequence

GAA ATT AAT ACG ACT CAC TAT AGG GAG TCT CCT TCG GTA CAT CCA GCT GAT GAG TCC CAA ATA GGA CGA AA
TCT CCT TCG TGG AAT CCA GG

ATG AGT CCC AAA TAG GAC GAA ACG CGC TTC GGT GCG TCC TGG ATT CCA CGA AGG AGA-3'

ATG AGT CCC AAA TAG GAC GAA AAC CGT TGA ACT TTT GAA TAG TGA TTC AGG AGG TTA ATT GCT CCT GGA TTC CAC GAA GGA GA

F1-HHR
5-UTR:
F1-HHR
5-UTR:
F1-inHHR
5-UTR:
B6-HHR
5'-UTR:
B6-inHHR
5'-UTR:
5'-UTR:

AUU CCC CUU UCU CCU UCG GUA CAU CCA GCU GAU GAG UCC CAA AUA GGA CGA AAA CCGUUG AAC UUU UGA AUA GUG AUU CAG GAG.
GUU AAU UGC UCC UGG AUU CCA CGA AGG AGA UAU ACC AUG...

AUU CCC CUU UCU CCU UCG GUA CAU CCA GCU GAU GAG UCC CAA AUA GGA CGA gAA CCGUUG AAC UUU UGA AUA GUG AUU CAG GAG.
GUU AAU UGC UCC UGG AUU CCA CGA AGG AGA UAU ACC AUG...

AUU CCC CUU UCU CCU UCG GUA CAU CCA GCU GAU GAG UCC CAA AUA GGA CGA AAC AAGUUG AAC UUU UGA AUA GUG AUU CAG GAG.
GUU AAU GAU UCC UGG AUU CCA CGA AGG AGA UAU ACC AUG...

AUU CCC CUU UCU CCU UCG GUA CAU CCA GCU GAU GAG UCC CAA AUA GGA CGA gAC AAG UUG AAC UUU UGA AUA GUG AUU CAG GAG.
GUU AAU GAU UCC UGG AUU CCA CGA AGG AGA UAU ACC AUG...

AUU CCC CUU UCU CCU UCG GUA CAU CCA GCU GAU GAG UCC CAA AUA GGA CGA AAC GCG CUU CGG UGC GUC CUG GAU UCCACG AAG

GAG AUA UAC CAUG...

SC-HHR
5'-UTR:
SC-inHHR

AUU CCC CUU UCU CCU UCG GUA CAU CCA GCU GAU GAG UCC CAA AUA GGA CGA gAC GCG CUU CGG UGC GUC CUG GAU UCCACG AAG
GAG AUA UAC CAU G...

Constructs are shown up to the start codon of eGFP. SD (5'-AAGGAG-3') and anti-SD region are underlined. HHR region is indicated in italics. fourU
hairpin is double underlined. Bold lower case letters indicate an A-G point mutation resulting in an inactive ribozyme.

a final concentration as indicated. Samples were taken at defined
time points and the reactions were quenched by addition of 1x
stop buffer. The reaction mixtures were separated on an 8%
denaturing PAGE and visualized by phosphoimaging. To deter-
mine the cleavage rates k | the data was fitted using the equation:

F=F —(F__F)xek

F, fraction cleaved at time t; F__, maximal fraction cleaved;
F,, fraction cleaved before the reaction was started.

Enzymatic probing of Thermozyme structures. For the
generation of run-off plasmids, a fragment carrying the ribo-

max

zyme sequences with the T7 promoter sequence at the 5-end
and an EcoRV restriction site at the 3'-end was amplified with
the primers runoff fw (5-AGAAATTAATACGACTCACTA
TAGGGATTCCCCTTTCTCCTTCGGTA-3") and runoff_rv
(5-TTGATATCCATGGTATATCTCCTTCGT GG-3') and
cloned into the Smal site of pUCI8. SC-inHHR, Fl-inHHR
and B6-inHHR RNAs were synthesized in vitro by run-off
transcription with T7 RNA polymerase from EcoRV-linearized

plasmids. Partial digestions of 5'-**P-labeled RNA with ribonu-
cleases T1 (Ambion), V1 (Ambion) and nuclease S1 (Fermentas,
ThermoScientific) were conducted according to reference 34 with
the exception that 1 pl of 5x TN buffer for RNase T1 (100 mM
TRIS-acetate, pH 7.5; 500 mM NaCl), 1 pl of 10x RNA structure
buffer for RNase V1 (provided with RNase) or 1 I 5x reaction
buffer for nuclease S1 (provided with nuclease) were used per reac-
tion. The alkaline ladder was generated as described previously.**
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